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It is claimed by the US Army and International Olympic Committee that 
dehydration, especially if greater than 2% body mass lost, impairs performance in 
exercise (Cheuvront, Carter, & Sawka, 2003; Convertino et al., 1996; Rodriguez, Di 
Marco, & Langley, 2009). Yet many runners and cyclists experience exercise-induced 
dehydration while maintaining excellent performance—and even setting record times. 
Using a meta-analysis, I tested the veracity of the claims that exercise-induced 
dehydration impairs exercise performance. The analysis compared euhydrated and 
dehydrated groups that performed either fixed-intensity (e.g., cycling or treadmill 
protocols maintained at constant speed until exhaustion) or variable-intensity exercise 
(e.g., running a marathon). A random effects meta-analysis was used to estimate the 
range of effect sizes associated with dehydration. Dehydration significantly diminished 
the performance of athletes during fixed-intensity exercises. In contrast, dehydration 
slightly improved the performance of athletes during variable-intensity exercises. 
Hydration thus had a significant effect on the performance of endurance athletes, but the 
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 Many studies have looked at the effects of hydration, including overhydration, 
dehydration, and euhydration (normal hydration) in humans. Water is an essential 
nutrient that is required for metabolic processing of food in humans, as well as for many 
other processes, including homeostasis of internal temperature and blood pressure 
(Jequier & Constant, 2010). Water is the most abundant chemical in the body and humans 
regulate the concentration of their body fluids precisely (Anastasio et al., 2001; Lopez et 
al., 2011; McCutcheon & Geor, 1998; Nadel, Fortney, & Wenger, 1980; Nolte, Noakes, 
& van Vuuren, 2011). Hence, humans have evolved homeostatic mechanisms to precisely 
balance plasma osmolarity (Karet, 2011), but levels of hydration are not stagnant, rather 
they are a constantly changing sinusoidal wave (Armstrong, 2007). This variation is what 
makes hydration levels difficult to define—as hydration levels are constantly changing. 
But what falls within the normal range of variation is considered euhydration, and 
extended periods below or above the range are considered dehydration and 
hyperhydration, respectively. 
 Current hydration standards 
As described by the American College of Sports Science (ACSS), the 
International Olympic Committee (IOC) and the United States Army (US Army), 
dehydration (especially greater than 2% body weight) during strenuous activity impairs 
performance (Cheuvront et al., 2003; Convertino et al., 1996; Rodriguez, Di Marco, et 
al., 2009; Rodriguez, DiMarco, & Langley, 2009; Sawka et al., 2007a). The flaw with the 
information provided by these sources is that the data are obtained from tests that may 
not be representative of typical exercise and athletic activity (Currell & Jeukendrup, 
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2008; Mundel, 2011). The reason for this is that the exercise protocols that have been 
used are of a fixed-intensity and these fixed intensity protocols are not representative of 
what happens in typical races or sporting events. Fixed-intensity protocols consist of 
participants maintaining a constant speed or cardiac output until they become tired. 
Studies of how dehydration affects fixed intensity exercises have led to the widespread 
idea that that dehydration can impair performance in endurance exercise. For example, 
many studies have focused on how dehydration reduces performance of athletes during 
time trials in running and cycling (E. D. B. Goulet, 2011; Sawka et al., 2007b).  
Hydration is thought to be more important for aerobic (respiration with oxygen) 
activity than for anaerobic (respiration without oxygen) activity. When dehydration 
occurs, the reduced amount of water in the blood will lower the blood volume, increase 
blood viscosity, and cause extra strain on the heart. When water concentration decreases 
in blood plasma, it also makes the transport of nutrients more difficult by reducing blood 
pressure and transfer to tissue (Song, Hu, Shi, Knepper, & Ecelbarger, 2004). If glucose 
cannot be transferred to different muscles being used, the energy that is being used by 
different muscles surpasses the energy provided by metabolism (Maughan, Fenn, & 
Leiper, 1989). 
Current beliefs regarding hydration 
The value (or detriment) of hyperhydration during exercise is an increasingly 
popular topic in the realm of hydration. Coaches of little league and soccer teams 
encourage the players to drink, even when they are not thirsty. These warnings are aimed 
at avoiding dehydration, but the body is quite good at signaling (via thirst) when more 
water is needed. This dogma of drinking before the onset of thirst has caused an increased 
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prevalence of hyponatremia (dangerously low plasma sodium levels)(Gardner, 2002; T. 
D. Noakes, 1992; T. D. Noakes, Goodwin, Rayner, Branken, & Taylor, 2005; O'Brien et 
al., 2001; Winger, Dugas, & Dugas, 2011). 
 Hyponatremia 
The main problem with consuming too much fluid is hyponatremia. 
Hyponatremia is the most common ion balance disorder in humans (Rodriguez, DiMarco, 
et al., 2009), and it is caused by either the intake of too much water or the excess loss of 
sodium. In an effort to maintain hydration, it is a common practice to drink more water 
prior to and during activity than is lost during that activity. This excess consumption of 
water causes an imbalance in levels of plasma Na
+
 (sodium ion) (T. D. Noakes, 1992). 
During activity, sodium loss is increased by sweating. The loss of sodium in sweat further 
magnifies the problem (Knechtle et al., 2011). Hyponatremia can also be caused by 
burns, heart failure, vomiting, diarrhea and kidney disease—but during physical activity, 
it is most commonly caused by sweating and drinking large quantities of water (Hoffman, 
Stuempfle, Rogers, Weschler, & Hew-Butler, 2012; Wagner, Knechtle, Knechtle, Rust, & 
Rosemann, 2012). 
 The problems that arise with hyponatremia include (but are not limited to) muscle 
spasms, fatigue, convulsions, nausea, and in some serious cases, coma and death (Fogard, 
Hoffman, Hew-Butler, Stuempfle, & Winger, 2012). These problematic symptoms are 
mainly caused by the disruption of action potentials. For many cells to function, 
including neurons, endocrine cells and muscle cells, an action potential needs to be 
maintained. An action potential is caused by a difference in ion concentration, 
particularly Na
+
 concentration, inside cells as compared to outside the cells (Fig. 1). By 
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Figure 1. Firing of a typical action potential (Ye et al., 2012).  
use of the 
sodium/potassium 
pump, cells keep the 
internal concentration of 
sodium much lower than 
the external 
concentration. (Bers & 
Despa, 2009; Dutka & 
Lamb, 2007; Leterrier, 
Brachet, Dargent, & Vacher, 2011). The contrasting sodium levels cause a membrane 
potential, seen by the negative voltage on the y axis, which can be controlled by keeping 
voltage-gated ion channels opened or closed. When the gate is opened by a stimulus, 
sodium rushes into the cell to equalize the concentrations inside and outside of the cell. 
This influx of sodium causes depolarization, seen by the positive slope of the red line in 
figure 1, which causes the cell to fire. After the change in membrane potential, a cell 
cannot fire again even when stimulated. This time period during which the cell cannot 
fire again is called the refractory period (Herness & Sun, 1995; Sammar, Spira, & Meiri, 
1992; Xu, 2013). In the case of serious hyponatremia, a pseudo refractory period is 
developed by not maintaining a large enough difference in concentration of sodium. 
(Adrogue, 2005; Goldsmith, 2005). 
 Water weight fatigue 
Another detrimental effect of overhydration is carrying extra weight in the form 
of water. One liter of water weighs a kilogram, and carrying extra mass during exercise 
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requires increased energy expenditure. Increased weight increases the rate at which a 
person fatigues. While this is not the cause of serious side effects, such as hyponatremia, 
in athletic competitions the increase in mass due to the increase of total body water can 
cause a decrease in performance. In addition, many people get an uncomfortable feeling 
in their stomachs when too much water is ingested prior to running (Sinclair, Newman, 
Gittos, & Lawson, 1983). 
 Previous studies on overhydration 
Slight overhydration prior to strenuous exercise has proven beneficial in 
activities, such as cycling and running (E. D. B. Goulet, 2011; Sawka et al., 2007b). The 
level of hyperhydration that is beneficial is delicate, as hyperhydration should just be 
used as a means of compensating short term water loss, but not so extreme as to promote 
hyponatremia (T. D. Noakes, 2007). Also, water is not the only nutrient that needs to be 
replaced to maintain performance. Much of the performance loss due to exercise comes 
from electrolyte imbalance, which is why sport drinks boasting the replenishment of 
electrolytes have become prevalent (Armstrong & Epstein, 1999; Coyle, 2004; 
McCutcheon & Geor, 1998).  
 Because some studies have shown benefits of hydration (Friis-Hansen, 1982; 
Montain, 2008; Popkin, D'Anci, & Rosenberg, 2010; Sawka et al., 2007b), a fear of 
dehydration has been inculcated in the general public. Drinking to the point of needing to 
urinate every hour is not beneficial. In fact, by drinking to excess during non-strenuous 




 (Valtin, 2002). 
Also, counter intuitively, the ability of kidneys to remove toxins is slightly decreased 
when the body is hyperhydrated (Anastasio et al., 2001). 
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Figure 2. The human renal process of concentrating urine (Mallie et 
al., 2002). 
 Kidney function 
 Kidneys function to help maintain homeostasis in the body. Homeostasis is the 
maintenance of a relatively consistent condition. Kidneys are essential in maintaining 
homeostasis since 180 liters of blood are filtered through the kidneys every day in a 
healthy adult. The average human has approximately 5 liters of blood, which means that 
the entire blood volume is passed through and filtered in the kidneys about 36 times per 
day, or once every 40 minutes (Heidland, Klassen, Fazeli, Sebekova, & Bahner, 2011).  
 Blood is carried to the kidneys by afferent arterioles and then to capillaries. Since 
capillary walls are typically only one cell thick, the thin capillary walls allow easy 
exchange of ions, water and other solutes (Schafer, 1998). The majority of blood 
filtration occurs at the capillaries linking the afferent and efferent arterioles. Much of the 
contents of the blood 
plasma diffuse from high 
concentration to low 
concentration across the 
capillaries into Bowman’s 
capsule, as seen in step 1 
of figure 2, a simplified 
model of a human nephron 
(the main filtration unit of 
the kidney) (Heidland et 
al., 2011).  
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 In the proximal convoluted tubule, water and Cl
-
 (chloride ion) passively diffuse 
out while Na
+
 (sodium ion), glucose, vitamins and amino acids are actively transported 
out, as seen in step 2 of figure 2 (Mallie et al., 2002). Although it requires energy to 
transport glucose, amino acids, vitamins and Na
+
 out of the proximal convoluted tubules, 
the energy expenditure is necessary to keep the ions and other essential compounds to 





 (potassium ion), NH3 (ammonia) and urea are actively transported 
into the proximal convoluted tubule (Schafer, 1998). Besides removing waste products 
from the cell, active transport enables the body to maintain membrane potential by 
maintaining low concentrations of Na
+
 and high concentrations of K
+
 compared to the 
exterior environment. Similar processes occur in the descending and ascending limbs of 
the loop of Henle, as well as the distal convoluted tubule and the collecting duct (Wang 
& Wexler, 1996).  
 Between the proximal and distal convoluted tubules the majority of water and 
ions are reabsorbed by the body (Marsh, Sosnovtseva, Chon, & Holstein-Rathlou, 2005). 
The collecting duct is also quite important for concentrating urine (and thus reabsorbing 
water). In the collecting duct, anti-diuretic hormone (ADH) makes the duct permeable to 
water, so that water can be reabsorbed (Ortiz & Garvin, 2002). Everything that is not 
reabsorbed is excreted through the urine. When the body is euhydrated or overhydrated, it 
is not as necessary to reabsorb water, but when the body is dehydrated it produces 
concentrated urine (A. Edwards, DeLong, & Pallone, 2000). Water is not pumped by 
active transport, instead water follows concentration gradients of solutes flowing from 
areas with low solute concentration to areas with high solute concentration. 
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Consequently, to excrete water, ions need to remain in the tubules, causing water to 
remain in the distal convoluted tubule and collecting duct rather than being reabsorbed 
(Wintour, 1997). Thus, overhydration causes more water to be excreted and also causes a 
greater loss of ions (Mallie et al., 2002). An overhydrated person typically produces 
dilute urine, but ion loss is high in an overhydrated person, because even dilute urine 
contains ions, such as Na
+
. ADH and aldosterone are hormones that increase the 
reabsorption of water by the body (Harris, Paredes, & Zeidel, 1993). These hormones 
decrease in concentration when there are large amounts of water, allowing more water to 
be excreted through urine. This is why hyponatremia is more prevalent in endurance and 
ultra-endurance athletes who ingest large volumes of water (Knechtle et al., 2011). 
Previous studies on benefits of dehydration 
In endurance exercise, there is an inverse relationship between change in body 
mass and performance time (Zouhal et al., 2011; Zouhal et al., 2009). Individuals who 
push their limits to finish faster utilize more nutrient reserves and have higher internal 
temperatures. Those higher internal temperatures lead to greater water loss in sweat as the 
body acts to maintain healthy temperatures. Individuals who lose more mass than others 
are generally able to keep a faster pace, as discussed in the section regarding water 
weight fatigue. During endurance exercise, an extra pound lost can be beneficial because 
less mass needs to be moved.  
There are many myths regarding hydration. A popular assumption is that if the 
color of urine is not clear, a person is not drinking enough water. While urine color can 
often be used to roughly determine the osmolality of urine, urine color is often 
misleading, as vitamins and supplements can be largely excreted through urine, 
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darkening the urine color of a normally hydrated person (Anastasio et al., 2001). Urine 
color also tends to vary over the course of the day(Lavie et al., 1980) 
 Because of this conflicting data regarding whether dehydration is beneficial or 
detrimental, I tested the effects of hydration on endurance performance. Because water is 
lost at a rapid rate during strenuous exercise, I tested whether dehydration reduces 
performance in endurance exercise. I also tested whether the effects of dehydration varied 
between fixed-intensity and variable-intensity exercise.  
Method 
 Searching for Studies 
 Primary studies were gathered using PubMed and Web of Knowledge search 
databases. The keywords utilized for the search were: ‘hydration,’ ‘hydrate,’ ‘exercise,’ 
‘performance,’ ‘endurance performance,’ ‘effects of hyperhydration,’ ‘effects of 
hypohydration,’ ‘effects of dehydration,’ ‘effects of overhydration,’ ‘benefits of 
hydration,’ ‘hydration effects on endurance performance,’ ‘exercise-induced 
dehydration,’ ‘hyponatremia,’ ‘changes in body mass during exercise,’ ‘water intake,’ 
‘hydration of runners,’ ‘hydration during marathons’, ‘extended exercise,’ and ‘effects of 
water on exercise endurance.’ The terms were used in various combinations to locate 
suitable studies. Only primary studies published in peer-reviewed journals were 
considered for inclusion. 
 Factors for inclusion 
 For the studies to be considered useable in the meta-analysis, they had to be based 
on six or more participants. There also had to be two groups, euhydrated and dehydrated, 
with the average percent change of body mass calculated for each. The euhydrated and 
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dehydrated groups both had to have a form of exercise performance calculated as well, in 
the form of race time, distance traveled, cardiac output or exhaustion. Each study was 
classified into one of two categories: fixed-intensity or variable-intensity. Fixed-intensity 
protocols where those where an exact speed or cardiac output was maintained until the 
participant needed to slow down. Variable-intensity protocols were those with where 
intensity could vary during the course of the exercise. Each study provided the standard 
deviation for each group or individual data for each participant so that standard 
deviations could be calculated, allowing a pooled standard deviation to be calculated. 
Euhydrated groups were considered to be those in which individuals lost less than one 
percent loss of body mass or in which body mass lost was less than 40% the mass lost by 
the comparable dehydrated group. Only studies that were roughly comparable in type of 
exercise protocols were considered for inclusion. Thus, all studies included were forms of 
running or cycling with clearly measurable performance outcomes—such as time taken to 
finish the predetermined distance or distance traveled in predetermined time. Forty 
comparisons from 22 studies were deemed appropriate to analyze using these guidelines.  
 Calculation of dehydration level 
 The dehydration level in each study was the percent decrease in mass from pre-
exercise to post-exercise. While this technique is imperfect because water is not the only 
factor contributing to a loss in mass during exercise (other factors include ion mass lost in 
sweat and mass lost from the consumption of fat and muscle), loss of body mass is the 
most reliable and feasible way to measure hydration a group (Armstrong, 2007; 
Armstrong et al., 2012; Armstrong et al., 2010; Shepherd, 2011; Shirreffs, 2000). Thus, 
loss of overall body mass is the preferred method of measuring hydration status. 
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 Organizing data 
 For each study, I recorded the exercise protocol, the number of participants, the 
percent body mass loss for the euhydrated (typically <1% lost) and dehydrated (typically 
>2% lost) groups, the performances measured in the euhydrated and dehydrated groups, 
the standard deviation of the performance measured, pooled standard deviation and 
Hedge’s g in a spreadsheet. These aforementioned data for the fixed-intensity protocols 
are in table 1 while the same data for variable-intensity protocols are in table 2.  
In meta-analysis, it is essential to have data on both average and on how variable 
the data are (Dalton et al., 2012). Standard deviations are used to characterize the 
variance of each participant from the overall average. The pooled standard deviation was 
calculated as follows: 
Spooled = √ (((n1-1) * (s1
2
) + (n2-1) * (s2
2
)) / (n1+n2-2)), 
where n1 is the number of participants in the dehydrated group, s1 is the standard 
deviation of the performance of the dehydrated group, n2 is the number of participants in 
the euhydrated group and s2 is the standard deviation of the euhydrated group.  
Meta-analyses combine the results of multiple studies. To do this, an effect size is 
calculated for each study. In this study I calculated Hedge’s g as the measure of effect 
size (Dalton et al., 2012). Hedge’s g is calculated as follows: 
g = (pDH-pEH)/Spooled 
pDH is the performance of the dehydrated group, pEH is the performance of the 





Table 1. Comparisons used in the variable-intensity protocol meta-analysis. The 
hydration levels of dehydrated and euhydrated groups  are given in % body mass loss. 
M=Men, W=Women, DH=Dehydrated, EH=Euhydrated, % BML=% Body Mass Lost. 
The letters following authors names (a, b, c etc.) represent different comparisons in the 
same study, not different studies. 








Bachle et al. 2001 1h cycling time test 10, 4M6W, 29±6 21 -1.02 -0.8 
Backx et al. a 2003 1h cycling time test 8, 8M, 29±7 20 -1.7 -0.9 
Backx et al. b 2003 1h cycling time test 8, 8M, 29±7 20 -1.3 -0.7 
Backx et al. c 2003 1h cycling time test 8, 8M, 29±7 20 -1.7 -0.7 
Backx et al. d 2003 1h cycling time test 8, 8M, 29±7 20 -1.34 -0.88 
Casa et al. 2010 Run 3 4km loops 17, 9M8W, 27±7 26.5 -2.05 -0.8 
Dugas et al. a 2009 80km cycling time 
test 
6, 6M, 23±4 33 -4.3 -0.5 
Dugas et al. b 2009 80km cycling time 
test 
6, 6M, 23±4 33 -2.9 -0.5 
Dugas et al. c 2009 80km cycling time 
test 
6, 6M, 23±4 33 -2.1 -0.5 
Dugas et al. d 2009 80km cycling time 
test 
6, 6M, 23±4 33 -1.9 -0.5 
Dugas et al. e 2009 80km cycling time 
test 
6, 6M, 23±4 33 -3.9 -0.5 
Gigou et al. 2012 Run four 4.5km laps 6, 6M, 31±7 28 -3.1 -1.4 
Kay Marino et 
al. A 
2003 1h cycling time test 7, 6M1W, 21±3 19.8 -2.2 0 
Kay Marino et 
al. B 
2003 1h cycling time test 7, 6M1W, 21±3 19.8 -1.8 0 
Knechtle et al.  2012 100km Ultra-
marathon 
239, 239M, 46±9 19 -4 -2 
McConell et al. 
2a 
1997 Cycling work done 
(J) in 15min 
8, 8M, 26±3 21 -1 0 
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McConell et al. 
2b 
1997 Cycling work done 
(J) in 15min 
8, 8M, 26±3 21 -1.9 0 
McConell et al. 
2c 
1997 Cycling work done 
(J) in 15min 
8, 8M, 26±3 21 -1.9 -1 
Robinson et al. 1995 1h cycling time test 8, 8M, 26±4 20 -2.3 -0.9 
Wilk et al. 2010 Run to exhaustion 8, 8M, 14±1 20 -1.3 -0.2 
Zouhal et al. a  2010 42km marathon 643, 560M 83W 16 -5 -3 
Zouhal et al. b 2010 42km marathon 643, 560M 83W 12 -5 -1 
Zouhal et al. c 2010 42km marathon 643, 560M 83W 12 -5 1 
Zouhal et al. d 2010 42km marathon 643, 560M 83W 12 -3 -1 
Zouhal et al. e 2010 42km marathon 643, 560M 83W 12 -3 1 























Table 2. Comparisons used in the fixed intensity meta-analysis. The hydration levels of 
dehydrated and euhydrated groups are given in % body mass loss. M=Men, W=Women, 
DH=Dehydrated, EH=Euhydrated, % BML=% Body Mass Lost. RPE=Rating of 
Perceived Exertion. MAPO=Maximal Aerobic Power Output. The letters following 




Author Year Exercise protocol #, gender & age 







Armstrong et al. 
a 
2006 RPE after 10min 
running at 70% 
VO2max 
10, 10M, 20±3 23 -5.7 -1 
Armstrong et al. 
b 
2006 RPE after 10min 
running at 85% 
VO2max 
10, 10M, 20±3 23 -5.7 -1 
Below et al. a 1995 Complete 165000J of 
work 
8, 8M, 23±3 31 -2 -0.5 
Below et al. b 1995 Complete 165000J of 
work 
8, 8M, 23±3 31 -1.8 -0.5 
Ebert et al. 2007 Cycling to exhaustion 
at 88% MAPO 
8, 8M, 28±6 29 -3.1 -0.5 
Edwards et al. a 2007 YO-YO intermittent 
recovery test 
11, 11M, 24±3 20 -2.1 -0.7 
Edwards et al. b 2007 YO-YO intermittent 
recovery test 
11, 11M, 24±3 24.5 -2.4 -0.7 
Fallowfield et 
al. 
1996 Run at 70% VO2max 
until exhaustion 
8, 4M4W, 21±2 20 -2 -0.8 
Maughn et al. 
2a 
2007 Cycling to exhaustion 
at 70% VO2max 
6, 6M, 29±5 22.5 -1.8 -0.6 
Maughn et al. 
2b 
2007 Cycling to exhaustion 
at 70% VO2max 
12, 12M, 24±3 21 -1.9 -0.6 
McConell et al. 
1a 
1997 Cycling to exhaustion 
at 90% VO2max 
7, 7M, 24±3 21 -3.2 -0.1 
McConell et al. 
1b 
1997 Cycling to exhaustion 
at 90% VO2max 




2005 Incrimental cycling to 
exhaustion 
9, 9M, 26±6 20 -3.3 -0.7 
Walsh et al. 1994 Cycling to exhaustion 
at 90% VO2max 
6, 6M, 26±4 32 -1.8 -0.2 
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 Out of the studies that were gathered, 22 papers met the criteria for inclusion in 
the meta-analysis. Since ten of the papers had multiple comparisons in them, 40 
comparisons were included in the meta-analysis.  With these studies, three separate meta-
analyses were performed. The first meta-analysis (Fig 3) included all 40 comparisons. 
The second meta-analysis (Fig 4, Table 1) included the 26 variable-intensity experiments 
that mimicked an actual sporting event (such as timed running races, time trial cycling, 
marathons etc.). The third meta-analysis (Fig 5, Table 2) included the 14 fixed-intensity 
experiments that did not mimic typical sporting events (such as running to exhaustion, 
rating of perceived endurance, exercising at a set percentage of VO2 max, etc.). 
Heterogeneity among effect sizes was tested for using t
2
 to determine the non-uniformity 
of the test. The lower the number, the more uniform the studies in the analysis were. 
Types of exercise protocols 
 I conducted the meta-analyses for two types of exercise, variable-intensity and 
fixed intensity (Tables 1&2). The variable intensity studies were those where 
performance was measured over a fixed distance. This indicates that participants were to 
run or cycle the predetermined distance in as little time as possible. Other variable 
intensity studies were based on exercising for a fixed time limit. For example, 
participants ran as far as possible in a predetermined time. Fixed-intensity studies were 
those in which exercise was performed at a fixed rate until exhaustion (Table 2). For 
example, intensity was at a set rate, such as 70% VO2 max, and participants maintained 
this pace for as long as possible. I also included perceived exertion trials among the fixed 
intensity studies. In the perceived exertion studies, every two minutes participants 
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indicated their perceived exertion on a predetermined scale during the specific exercise 
protocol.   





Figure 4. Random effects meta-analysis comparing only the studies which measure effect 
of hydration on performance in a variable-intensity setting.  
 
Exposed Control Weight
Study ID Year n[e]/M[e]/SD[e] n[c]/M[c]/SD[c] (%)
Dugas a 2009 6/76/9.7 6/84/8.2 1.15% |
Dugas b 2009 6/76/9.7 6/81/6.9 1.22% |
Dugas c 2009 6/76/9.7 6/71/5.9 1.22% |
Dugas d 2009 6/76/9.7 6/76.01/9.4 1.28% |
Dugas e 2009 6/76/9.7 6/82/9.1 1.21% |
McConell 2a 1997 8/267/26 8/269/20 1.67% |
McConell 2b 1997 8/273/28 8/269/20 1.66% |
McConell 2c 1997 8/273/28 8/267/27 1.66% |
Bachle 2001 10/12/1.1 10/12.4/1.6 2.01% |
Backx a 2003 8/12.9/1.28 8/12.85/1.5 1.67% |
Backx b 2003 8/12.6/2 8/12.8/1.7 1.66% |
Backx c 2003 8/12.9/1.1 8/12.8/1.6 1.67% |
Backx d 2003 8/12.4/2 8/12.8/1.8 1.66% |
Kay Marino 2003 7/61.1/8.4 7/60.9/8.6 1.48% |
Kay Marino b 2003 7/61.1/7.3 7/52.3/7.5 1.24% |
Robinson 1995 8/31.1/3.2 8/33.6/3.1 1.54% |
Casa 2010 17/55.7/7.45 17/53.15/6.05 3.11% |
Gigou 2012 6/85.6/11.6 6/85.3/9.6 1.28% |
Knechtle 2012 127/801/83 112/748/74 9.76% |
Wilk 2010 8/100.4/13 8/101.7/9.9 1.66% |
Zouhal  a 2010 245/227/22 113/220/25 10.82% ||||
Zouhal b 2010 223/234/25 113/220/25 10.64% ||||
Zouhal c 2010 62/238/26 113/220/25 8.26% |
Zouhal  d 2010 223/234/25 245/227/22 12.05% ||||
Zouhal  e 2010 62/238/26 245/227/22 9.21% |
Zouhal f 2010 62/238/26 223/234/25 9.20% |
META-ANALYSIS: 100% |||||||||||||||||||||||||||||
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Figure 5. A random effects meta-analysis of only the studies comparing the effects of 
hydration on performance during fixed-intensity protocols. 
 
Results 
   The first analysis including all 40 studies shows no significant effect of 
dehydration. Hedge’s g was .1301 which is a small effect size. Although the mean effect 
size was not significantly different 
than zero (p=.075), Hedge’s g 
indicated that performance was 
slightly better overall in dehydrated 
athletes. Heterogeneity of effect 
sizes was low, (t
2
 =.0654). The p-
value, which is the probability of 
Exposed Control Weight
Study ID Year n[e]/M[e]/SD[e] n[c]/M[c]/SD[c] (%)
Armstrong a 2006 10/47.2/3.8 10/46.3/3.2 8.60% |
Armstrong b 2006 10/10/3 10/11/3 8.55% |
Below  a 1995 8/66.3/8.3 8/71.1/6.5 6.54% |
Below  b 1995 8/67.2/8.5 8/70.2/6.7 6.79% |
Ebert 2007 8/58/6.08 8/62/8.9 6.67% |
Edw ards a 2007 11/14.2/1.6 11/16.1/1.9 8.20% |
Edw ards b 2007 11/15.3/1.8 11/16.1/1.9 9.30% |
Fallow field 1996 8/54/7 8/59/6.2 6.40% |
Maughn 2a 2007 6/44/6.2 6/48/6.8 4.91% |
Maughn 2b 2007 12/46/6.3 12/48/6.9 10.29% ||||
McConell 1a 1997 7/260/25 7/268/25 5.98% |
McConell 1b 1997 7/264/27 7/268/25 6.05% |
Van Schuylenbergh 2005 9/302/33 9/340/37 6.67% |
Walsh 1994 6/103/10.2 6/108/11.1 5.03% |
META-ANALYSIS: 100% |||||||||||||||||||||||||||||
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obtaining differences in the mean performance of this size by chance, was .075, meaning 
there was a 7.5% chance these results could be accounted for by random variation rather 
than a performance difference due to hydratation. 
 The second meta-analysis including the 26 variable-intensity exercise protocols 
indicated a larger effect size than the 
first. Hedge’s g was .3027, which 
shows a small to medium effect in 
favor of dehydration. The 
heterogeneity in this study was quite 
low (t
2
 =.0301). The p-value was 
found to be <.0001 meaning that the 
results are statistically significant 
and highly unlikely to have resulted from random variations. This meta-analysis showed 
that dehydration was beneficial in variable-intensity protocols.  
 The third meta-analysis, including the 16 fixed-intensity protocols yielded a mean 
Hedge’s g that was negative. In this 
analysis, there was a medium 
effective size with decreased 
performance due to dehydration. 
Mean Hedge’s g was -.4493, which 
was the largest effect size of any of 
the analyses. The heterogeneity 
Table 5. Numerical output for meta-analysis 3 
           .1502 
Table 4. Numerical output for meta-analysis 2 
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(.1502) was greater than in the previous two meta-analyses. The p-value was .0006, 
which shows a statistically significant effect of dehydration impairing performance in 
fixed-intensity protocols. 
Discussion 
 The meta-analyses showed that endurance performance was not seriously 
impaired by normal levels of exercise-induced dehydration. This result contradicts the 
claims of the US Army Research Institute of Environmental Medicine (Cheuvront et al., 
2003), the American Dietetic Association (Rodriguez, DiMarco, et al., 2009), and the 
American College of Sports Medicine (Convertino et al., 1996; Sawka et al., 2007a) that 
dehydration levels of greater than 2% impairs endurance performance. The claim that 
dehydration impairs endurance performance stems from studies done with participants 
doing unrealistic exercises, such as running at 70% VO2 max until exhaustion 
(Fallowfield, Williams, Booth, Choo, & Growns, 1996). The fallacy of fixed-intensity 
studies, such as those performed by Fallowfield et al., 1996 is that in real exercise 
scenarios, the participants in the exercise always have the option to slow down or take a 
rest. In such studies where the participant is required to maintain a certain speed until 
exhaustion, there is no chance for varying exertion. Also, in such studies like those 
performed by Fallowfield et al., there is no definitive goal in mind, no finish line to push 
to and no distance to obtain. This ambiguity of finishing protocol takes much of the 
competitive edge away, and thereby may affect motivation and thereby performance. As 
seen by the fixed-intensity meta-analysis (Fig. 4), the performance of dehydrated 
individuals in such exercise protocols is diminished.  
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 The purpose of doing multiple meta-analyses was to distinguish whether the 
effect of dehydration varied with type of exercise. My results clearly indicate that the 
type of exercise performed was important. By performing multiple meta-analyses I found 
that variable-intensity studies (Fig. 4) showed a small but significant benefit from 
dehydration (Hedge’s g= .3027), whereas the fixed-intensity studies (Fig. 5) showed a 
medium benefit from normal hydration (Hedge’s g= -.4493).  
 From the meta-analyses performed, it is clear that hydration has an important role 
in performance.  Dehydration could decrease performance in fixed-intensity exercise 
(Fig. 5) due to factors such as hyperthermia (high body temperature), reduced blood 
pressure, increased blood viscosity, a decrease in stroke volume and cardiac output, and 
thus, less blood flow to muscles (Armstrong, 2007; Barr, 1999; Burke, 2001; Cheuvront 
et al., 2003; Coyle, 2004; Mundel, 2011; Popkin et al., 2010; Sawka et al., 2007b; Schek, 
2000). Dehydration could increase performance in variable-intensity due to decreased 
fatigue due to less mass carried or other still unknown factors 
 Hyperthermia 
Hyperthermia could have an effect on running, as the body needs to maintain a 
precise temperature range (Convertino et al., 1996). Normally body temperature is 
regulated relatively precisely, but during dehydration, the body has a reduced ability to 
dissipate heat (Lopez et al., 2011). When internal temperature becomes too high, 
efficiency of organ function decreases, cells die, and essential body functions (such as 
brain, kidney and intestinal track motility) decrease or shut down (Burke, 2001; 
Cheuvront, Carter, Castellani, & Sawka, 2005; Laursen et al., 2006; Maughan, Watson, & 
Shirreffs, 2007; Sawka, Latzka, Matott, & Montain, 1998). Whether systems shut down, 
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or whether the body subconsciously decreases exercise output to prevent essential 
systems from shutting down, performance decreases during hyperthermia. 
Blood pressure 
When blood pressure drops, perfusion (delivery of blood) to the capillary beds 
decreases (Phillips, Rolls, Ledingham, & Morton, 1984). Oxygen transfer occurs across 
the capillary bed. Consequently, decreased blood pressure can cause dizziness and 
increased fatigue due to the decrease of oxygen in the brain (Easton et al., 2009). 
Decreased blood pressure can also cause lactic acid build-up, cramps, fatigue and 
decreased power output due to reduced perfusion of muscle tissues (Maughan et al., 
2007; Shirreffs, 2000). Thus, exhaustion may set in sooner if dehydration causes 
decreased blood pressure. 
Cardiac output 
Dehydration reduces maximal cardiac output. Decreased cardiac output means 
less blood is pumped throughout the body (Sinclair et al., 1983). When blood flow 
decreases, the transfer of oxygen from the lungs to the muscle tissues and the brain 
decreases as well. Oxygen transfer is diminished because oxygen is taken from the lungs 
to the tissue via blood. This decreased blood flow can cause fatigue, cramps, light-
headedness and build-up of CO2 in the peripheral tissues (Li et al., 2005; Maughan et al., 
2007). Dehydration causes a faster onset of fatigue at fixed-output exercise protocols, as 
was seen in the third meta-analysis. 
  While it cannot be proven that decreased blood pressure, cardiac output or 
increased internal temperature is the source of decreased exercise performance, these 
23 
 
factors may contribute to decreased performance during exercise, especially when fixed-
intensity output is maintained until exhaustion. 
 The second meta-analysis (Fig 4, Table 1) looked at the variable intensity exercise 
protocols, such as running or cycling as fast as possible for a predetermined distance. It 
indicates that athletes who finish their variable-intensity protocol more dehydrated than 
average perform better than average. The Hedge’s g associated with the results suggests 
that dehydration confers a small to medium benefit. Less information is available 
suggesting the benefits of dehydration in endurance performance. Hypotheses to explain 
this include the idea that less mass is carried so performance increases or that not taking 
the time to stop and hydrate properly saves time in each trial.  
 Less mass carried 
 Increased mass increases the rate of fatigue. When there is additional weight, 
there is more strain on muscle tissues, and more energy is required to continue moving. 
The effect extra mass has on the rate of fatigue of an athlete is easy to conceptualize as a 
person running a race with a 20kg weight on his back. The runner with added weight will 
not run as quickly and will tire sooner compared to unburdened runners. The same 
principle applies to added water weight. In marathons, body mass changes can range 
from -10% to +2% (Tam, Nolte, & Noakes, 2011; Zouhal et al., 2011; Zouhal et al., 
2009) or perhaps even more. Assuming a participant weighs 75kg, this amounts to 
changes in mass ranging from -7.5kg (-16.5lbs) to +1.5kg (3.3lbs). While these 
differences may seem insignificant, the person losing 7.5kg has a significant mass 
advantaged compared to the person gaining 1.5kg through the duration of the race. This 
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could be part of the cause of increased performance seen in dehydrated participants seen 
in meta-analysis 2 (Fig 4).  
 While it is not entirely known what causes the increased performance output, 
participants in typical exercise protocols that finish dehydrated typically perform better 
than those that complete the protocol in a euhydrated or overhydrated state. This opens 
many doors to future studies focusing on what causes participants to have better finishing 
results when they are dehydrated. 
 Future studies 
 The first and second meta-analyses showed contrasting evidence compared to 
previous thoughts on exercise hydration (Cheuvront et al., 2003; Convertino et al., 1996; 
Rodriguez, Di Marco, et al., 2009; Rodriguez, DiMarco, et al., 2009; Sawka et al., 
2007a). Other studies should be performed that focus on the causes of increased 
performance of dehydrated individuals during typical exercise protocols. Further studies 
could be done as well focusing on what causes dehydrated participants to fatigue faster in 
fixed-intensity protocols.  
 Limitations of this study 
 All efforts have been made to make this statistical meta-analysis as accurate as 
possible. But many limitations remain. The first is the modest number of studies used. To 
more rigorously assess the effects of dehydration, it would be beneficial to analyze the 
results of a larger number of studies as long as the studies are measuring similar aspects 
of exercise performance. I used as many studies as I could find that matched the criteria 
for inclusion as described in the methods section.  
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A second limitation of this study is the weight certain studies had compared to 
others due to multiple pairwise comparisons. Zouhal et al., 2012 had many more 
comparisons than the average study, and thus the meta-analysis attached more weight to 
the particular study due to many groups being compared to each other. The >2% body 
mass lost (BML) group was compared to the 0% and 4% BML groups, and the 0% BML 
group was compared to >4% BML group as well. Other meta-analyses were run to 
account for the overwhelming weight attached to Zouhal et al., 2012 (such as an analysis 
which included only one comparison from each study) and results were found to be 
similar to meta-analysis 1 & 2—so those analyses are not reported. These extra analyses 
also addressed the limitation of using multiple pairwise comparisons from the same study 
without controls for non-independence, which could potentially lead to an 
overrepresentation of certain studies. Results from those analyses are also consistent with 
those I reported herein.  
Another limitation of this meta-analysis was that each study measured an exercise 
protocol that was slightly different. Since there were studies done on cycling and running 
at different rates and times, variation in those factors might also have been important in 
accounting for the results of the meta-analyses. 
The last major limitation of this study is the file drawer problem. The file drawer 
problem is that often studies that do not reject the null hypothesis are not published. If, 
for instance, 90% of the studies done are not published because they show no effect, the 
remaining 10% give a skewed representation of the actual results (Dalton, Aguinis, 
Dalton, Bosco, & Pierce, 2012). This exclusion of many studies is a major problem with 
meta-analyses in general, as meta-analysis relies on the results gathered by others. Larger 
26 
 
studies are less prone to publication bias and file drawer effect (Dalton et al., 2012). The 
large sample sizes of Zouhal et al. 2012 and Knechtle et al. 2012 are thus important to 
include, even if they are weighted much more heavily than the other studies. 
Conclusion and future research 
 The idea that dehydration impairs endurance performance is overly simplistic and 
needs further explanation (Cheuvront et al., 2003; Convertino et al., 1996; Rodriguez, Di 
Marco, et al., 2009; Rodriguez, DiMarco, et al., 2009; Sawka et al., 2007a). The 
detriments of dehydration are only upheld for fixed-intensity output. When exercise is of 
variable intensity, as it is during most typical exercise protocols and sporting events, 
dehydration may be beneficial. As hypothesized by others, my meta-analyses showed that 
performance is actually increased when participants finish in a dehydrated state (E. D. 
Goulet, Melancon, & Madjar, 2008; E. D. B. Goulet, 2011; Mundel, 2011; T. Noakes, 
2003). Further studies should be done to pinpoint the exact causes of these effects. This 
study shows that while hydration is important, there is no perfect hydration that should be 
maintained for each activity. Letting thirst guide fluid intake is a better approach than 
trying to meet a daily quota of fluid ingested. 
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